We present a model for the growth of organic films on impermeable indoor surfaces.
| INTRODUCTION
Organic films are likely to be ubiquitous on indoor surfaces. This inference is based on the measured presence of numerous semivolatile organic compounds (SVOCs) at airborne concentrations in the 0.5-50 ppt range coupled with evidence regarding sorption and partitioning of gas-phase SVOCs to indoor surfaces. [1] [2] [3] [4] [5] [6] [7] [8] The formation of such films and their existence on some indoor surfaces has been confirmed by both direct and indirect measurements. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Measurements also reveal that organic compounds are part of a larger array of species that contribute to total surface films indoors and outdoors. The additional species include water, water-soluble salts, other inorganic species, and elemental carbon. 21, 22 This paper is concerned with the organic portion of indoor surface films, emphasizing substrates that can be regarded as impermeable, such as windows.
The occurrence and growth of organic films on indoor surfaces influence the dynamic behavior of indoor SVOCs, serving as a sorptive reservoir. Furthermore, SVOCs present in surface films can be transferred to human skin via contact, with subsequent transdermal uptake of species that possess an appropriate set of physical-chemical properties. 23 Better understanding of organic film growth should improve estimates of human exposure to these compounds and aid in mitigating undesirable exposures.
Organic films also are expected to produce a degree of commonality among surfaces in a given indoor environment. Clean indoor surfaces differ from one another chemically. However, with exposure in indoor environments, they accumulate surface films. These films would tend to be similar both within and also across different occupied settings, as many of the constituents of indoor surface films are derived from the human occupants themselves (eg, squalene, fatty acids, and other compounds found in skin oils), from occupant activities (eg, cooking, cleaning), and from materials containing similar types of semivolatile additives (eg, plasticizers, flame retardants, antioxidants). Such commonality in composition and governing processes potentially reduces the large range of different surface types that must be considered when evaluating indoor surface chemistry, and thereby potentially simplifies the modeling of chemical transformations that are mediated by indoor surfaces. Supporting this idea, a recent study by Wu et al. 24 found that, although the surface-air partition coefficients between di(2-ethylhexyl) phthalate (DEHP) and aluminum, polished glass, and ground glass were substantially different when the surfaces were clean, the partition coefficients were similar when the surfaces were soiled.
Knowledge regarding organic films on indoor surfaces derives from a variety of studies. Many investigations have sampled window films, probing the rate at which organic films grow and quantifying the concentrations of selected organics in the film. This approach was pioneered by Diamond and colleagues 11, 15, 21 and has since been pursued by several other research groups. 9, [12] [13] [14] [15] [16] [17] [18] [19] [20] Similar studies, under more controlled conditions, have been conducted in which windows, mirrors, glass plates, and metal surfaces have been sampled after exposure in a chamber or a test house. 10, 25 A different means of probing organic surface films has been to heat glass or metal surfaces that have been exposed for known periods to indoor air. Thermal desorption is found to produce measurable ultrafine particles (UFP), from which one can infer the mass of SVOCs accumulated on the surface. 7, 8, [26] [27] [28] Surface wipes are yet another method by which information on indoor organic surface films has been obtained. For example, US EPA researchers measured the mass per unit area (ie, the surface concentration) of more than 50 organic compounds in wipes of hard floors and food preparation surfaces in over 250 homes. 29 The resulting data have been used to estimate median values for organic film thicknesses on the sampled surfaces. 23 A final piece of evidence for indoor surface films comes from measurements of ozone deposition velocities in different indoor environments. Although ozone deposition velocities to different materials that are commonly found indoors span five orders of magnitude when such materials are tested in experimental chambers, [30] [31] [32] [33] the deposition velocities measured in different indoor environments span a relatively narrow range. 32, [34] [35] [36] A potential explanation is a degree of commonality among indoor surfaces that is provided by the accumulated organic films.
These different experimental approaches probing organic films have produced congruent information that can be summarized as 9, 11, 12, 14, 17, 18, 20 For SVOCs with log K oa <14, the concentrations of selected SVOCs measured simultaneously in the films and in the gas phase are close to what would be anticipated from equilibrium partitioning theory. 9, 10, 14, 18, 20 The concentrations (mass per unit volume) of lower molecular weight SVOCs in organic films are relatively constant over time, whereas the concentrations of higher molecular weight SVOCs in surface films tend to increase over time. 16, 20 In what follows we strive to illuminate the dynamics of organic film formation, exploring the important emergent properties associated with the growth of such films on indoor surfaces. This paper has several specific aims: (i) to apply knowledge of the physical chemistry A note is warranted on the terminology used throughout the paper when discussing organic surface films: concentration is used to quantify the mass of an SVOC or a group of SVOCs per volume of organic film; surface concentration is used to describe the analogous mass per area (ie, per unit area of an impermeable substrate).
| ENVISIONING THE EVOLUTION OF ORGANIC FILMS ON INDOOR SURFACES
Consider a room whose air contains SVOCs. If a clean, impermeable surface such as window glass is introduced into this room, how do the gas-phase SVOCs interact with this surface? Initially, some SVOCs would adsorb to the surface. Soon SVOCs will begin to absorb into the organics previously accumulated. As the sorption process proceeds, the thickness of this nascent surface film grows. The initial adsorptive process is envisioned to occur quickly, but to only form a thin layer, perhaps of the order of a monolayer thick (~1 nm). Subsequently, one can describe the process governing the absorption and growth of this organic film in terms of partitioning of SVOC species between the gas phase and the surface film. Each SVOC in the room has a partition coefficient that describes the ratio of its equilibrium concentration in the surface film to its gas-phase concentration. In the discussion that follows, we will assume that the partition coefficient of each SVOC can
Practical Implications
• The relatively simple model of organic film growth presented in this paper can be used to better understand the evolution of organic films under a variety of indoor condi- be approximated by its octanol-air partition coefficient (K oa ). In other words, we assume that octanol is a reasonable surrogate for the mix of organics that constitute the film, which would include a substantial proportion of oxidized compounds. We also assume that the surface film exhibits sorptive properties that are adequately approximated by bulk liquid octanol, even when the film is too thin to possess exactly the same thermodynamic properties as a bulk liquid.
Among the gas-phase SVOCs, those with lower K oa values will equilibrate with the evolving surface film more rapidly and those with higher K oa values will take longer to approach equilibrium. This process will be bounded, because airborne species with particularly high values of K oa will partition preferentially to airborne particulate matter, depressing their gas-phase concentrations. In particular, for species with values of log K oa higher than approximately 12, partitioning into the airborne particle phase is preferred over the gas phase. 5 This feature slows the net rate of transport to indoor surfaces (except, perhaps, for those that are oriented upward).
To put the partitioning timescales into perspective, consider these estimates. A compound with log K oa of 6 will approach equilibrium with respect to partitioning into an organic film of 5 nm thickness with a characteristic time of ~0.1 minute. The equilibration timescale for a surface film scales linearly with the value of K oa . 5 So, for a compound with a log K oa value of 10, the equilibration timescale will be on the order of 10 4 times as long, or 1000 minutes (=16 hours). For the case of log K oa =12, the equilibration timescale for absorptive partitioning from the gas phase will expand to 10 5 minutes (~70 days). The equilibration timescale also varies linearly with film thickness, so the timescales just reported would be increased by 6× for a film thickness of 30 nm rather than 5 nm.
Assume that the indoor gas-and particle-phase SVOC concen- Also, with increasing time, the threshold K oa value differentiating those compounds in equilibrium with the film to those not yet equilibrated would increase.
Under the described conditions, the rate of film growth would tend to decrease with time. From the starting condition of an adsorbed monolayer, the thickness of the organic film (corresponding to the mass per unit surface area) would grow initially at its maximum rate as
SVOCs across a full range of log K oa values contribute. However, as the fraction of gas-phase SVOCs in equilibrium with the film becomes progressively larger, the film's thickness grows at a progressively slower rate. The growth of the film is effectively self-limiting. Practically speaking, by the time all of the gas-phase SVOCs with log K oa less than approximately 13 have equilibrated with the surface film, the gas-phase concentration of the remaining SVOCs would have become so small as to contribute negligibly to further film growth over realistic timescales. Here, the idea of a "realistic timescale" is based on a comparison of equilibration timescales with expected surface renewal times in indoor air, which would be limited to less than a few decades.
In brief, we propose that organic film growth on impermeable surfaces is a time-dependent process that is controlled by the gas-phase concentration of SVOCs with K oa values in a relatively small range (spanning approximately three orders of magnitude). In the sections that follow, we will more explicitly develop this model of organic film growth, explore several of its implications, and assess the extent to which its predictions agree with published empirical evidence regarding indoor organic surface films.
| FORMULATING A MATHEMATICAL MODEL FOR SURFACE FILM GROWTH
In this section, we describe a mathematical formulation of the growth and evolution of organic films on smooth, impermeable surfaces. The formulation is based on a blended treatment of SVOCs in which species can be modeled as individual SVOCs or clustered into aggregate groupings. The groupings are organized around a basis set of log K oa values; this treatment parallels the volatility basis-set concept that has been developed for understanding the partitioning of airborne SVOCs between the gas and particle phases. It is convenient to select as primary variables M fi and X, as the governing differential equations can be naturally written as rates of change of sorbed SVOC masses. Substitute Equation (2) into the flux terms so that they are written in terms of M fi :
Now, one can write the material balance expression for the increase in film mass of a given component in this compact form for the multicomponent system:
The final equation needed to specify the system mathematically couples the film concentrations to the film thickness:
The numerical solution method marches forward in time by solving the system of i Equation (4) for M f1 , M f2 , … M fn . At each step, X is updated using algebraic Equation ( 
| SELF-ASSEMBLY PROPERTIES OF INDOOR ORGANIC SURFACE FILMS
The mathematical model described in the previous section predicts a number of experimentally observed features of organic film growth on impermeable indoor surfaces. Using archetypical situations, this section illustrates key features captured by the model.
| Predominance of SVOCs with intermediate K oa values
It is instructive to begin by examining the distribution of organic compounds, as a function of their K oa values, in surface films under equilibrium conditions. The gas-particle partitioning of SVOCs is modeled as previously described, 38 and gas-surface film partitioning is assessed using the relationships described in the previous section. Consider 
there is a rapid increase in the mass per area over the range log K oa =9-13, and the curve levels off at values of log K oa >13.
The relationship illustrated in Figure 1 assumes equilibrium conditions. However, long timescales are required for SVOCs with log K oa values much larger than 12 to attain equilibrium concentrations in a surface film. Also, the example illustrated in Figure 1 have lower airborne concentrations and approach equilibrium slowly.
(1)
| Progressive enrichment of the film toward species with higher log K oa values
How does the distribution of organic compounds, as a function of the log K oa values, change as a film evolves? We address this matter using the multicomponent model, considering SVOCs with log K oa values between 8 and 13. Specifically, we employ five clusters equally distributed on a log scale between log K oa =8-9 and log K oa =12-13; each cluster is modeled using the log K oa value at the center of its range. We ignore contributions of SVOCs with log K oa >13 because grown from 2 to 9 nm, and the surface concentrations would be 11, 110, 900, 3100, and 2900 μg m −2 for five SVOC clusters centered on log K oa values of 8.5, 9.5, 10.5, 11.5, and 12.5, respectively. It is noteworthy that the mass distributions in the early periods of film growth are quite different than at the end of the modeled period. In the first few days, the film is dominated by the SVOC cluster with log K oa values of 10-11; at 4 days, the dominant SVOC cluster has log K oa values of 11-12; and, at 100 days, the SVOC cluster with log K oa values of 12-13 is more abundant than that with log K oa values of 10-11, but still less abundant than that with log K oa values of 11-12.
In the preceding example, we assumed that the airborne SVOC concentration, C ti , has the same value in each cluster. However, as already noted, in typical indoor environments the value for C ti is likely to be smaller for clusters with larger log K oa values. There are insufficient published data to reliably choose representative C ti values for each of the log K oa clusters. However, one specific constraint must be 
| Kinetics of film growth
Although the total SVOC concentration, its distribution as a function of log K oa , and the resulting final film thickness are different in Figure 2A ,B, the film growth curves exhibit qualitatively similar shapes. In each case, the film grows at a faster rate in the initial days , respectively, for the five same log K oa bins. Note that the bin for log (K oa ) = 8-9 contributes to film thickness imperceptibly in (A) and only slightly in (B) 
| Accumulation of specific SVOCs in surface films
Studies have also measured the evolving concentration of individual SVOCs in surface films (eg, Figure S3b in Bi et al.
10
; Figure 3 in Huo et al.
16
). In addition to predicting overall time-dependent film growth and the distribution of SVOCs with various K oa values in the evolving film, the model presented in this paper can be used to predict such individual SVOC evolution. To illustrate, a hybrid calculation is performed in which an SVOC is modeled individually, while other airborne SVOCs are processed using clustered log K oa values. The first "bin" of the model, C ti , represents the total concentration of the SVOC in question, and log K oai is the log K oa value of the targeted SVOC.
The four remaining "bins" represent log K oa clusters centered at 9.5, reported in the literature. 10, 16 In the case of BDE-47, the initially elevated growth rate slows quickly and becomes almost constant after about 4 days, with the subsequent growth driven by the accumulation of material in the total organic film. In the case of BDE-99, the initial growth is not as fast as that of BDE-47, and the subsequent growth rate more slowly approaches a steady value driven by growth of the total organic film. We stress that these are only illustrative examples; results would depend on the actual SVOC concentrations in the log K oa clusters centered at 9.5, 10.5, 11.5, and 12.5. Table 1 summarizes results from peer-reviewed studies relevant to the formation and growth of organic films on impermeable indoor surfaces. Most of these studies are based on sampling from window films; with one exception, 4 we only report results from indoor window films. One of the studies also includes samples of films from glass plates and mirrors in a test house, 10 and two studies are based on particle measurements following thermal desorption of surface films on impermeable surfaces exposed to indoor air for different intervals. 7, 8 Results from these studies can be used to explore the validity of predictions derived from the model.
| COMPARING MODEL PREDICTIONS WITH PUBLISHED RESULTS

| Partitioning and predominance of SVOCs with intermediate K oa values
Several studies in Table 1 , respectively, for log K oa bins centered at 9.5, 10.5, 11.5, and 12.5 Toronto, Dorset, Ont.
Glass beads located outdoors but protected from precipitation. PCBs
BFRs, brominated flame retardants; BPA, bisphenol A; NFRs, novel halogenated flame retardants; OCPs, organochlorine pesticides; PAHs, polycyclic aromatic hydrocarbons; PBDEs, polybrominated diphenyl ethers; PCBs, polychlorinated biphenyls.
was the case for emerging SVOCs. Venier et al. 20 reported that concentrations in air, mass fractions in dust, and surface concentrations in window films were significantly correlated for about twenty BFRs.
Window-film-gas-phase partition coefficients increased with increasing K oa for BFRs with log K oa <14, but not for those with log K oa >14
(see Figure 5 of cited paper).
The most abundant PBDEs in window films tend to be BDE-47, BDE-99, BDE-100, BDE-153, BDE-154, and BDE-209; 9, 11, 12, 17, 18, 20 these PBDEs have log K oa values in the range of 10.2-12.9. 42 The presence of BDE-209 in window films does not appear to be consistent with a partitioning model of the type used in this paper, as it is anticipated to have a very high K oa value and to be present almost exclusively in the particle phase (although appreciable gas-phase concentrations of BDE-209 have been reported
12
). This observation suggests that processes other than gas-to-surface film partitioning may also contribute to SVOCs found in surface films, especially for SVOCs with large K oa values such that they are predominately partitioned to particles when airborne (see Section 6).
Taken together, the above results largely support the formulation of the current model, including its predictions regarding the range of K oa values associated with the most abundant SVOCs in surface films.
| Progressive enrichment of the film toward species with higher log K oa values
Wu et al. 
| Kinetics of film growth
Studies by Liu et al., 21 Li et al., 17 Bi et al., 10 Gao et al., 14 and Wallace et al. 8 have reported rapid initial growth followed by slower and more constant growth of organic films on indoor surfaces. Table 2 summarizes measured rates of organic film growth on indoor surfaces reported in the literature.
At sites in greater Toronto, researchers from the Diamond group made the first measurements of organic films on indoor windows. . Of the classes of organic compounds analyzed (n-alkanes, monoacids, diacids, aromatic acids, and terpene acids), monoacids were the most abundant, particularly palmitic acid. This finding may reflect the influence of human occupants, as palmitic acid is the most abundant fatty acid in human skin surface lipids, accounting for 25% of skin oil's total fatty acids. 43 In the Li et al. 17 study, it was reported that, after 40 days, the thickness of organic films on indoor windows ). They stated that the windows had not been cleaned for at least 3 months prior to sampling, indicating an upper-bound average growth rate of 0.15 nm d −1 for the organic films in these Beijing buildings. Wallace et al. 8 exposed Petri dishes and sheets of aluminum foil to air in a home office for intervals ranging from 1 to 281 days.
Thermal desorption of these surfaces produced UFP that were quantified in different size fractions. Assuming that all of the mass associated with the measured particles was from SVOCs sorbed to the dish or foil surfaces and a film density of 1.0 g cm −3 , organic film growth occurred China. 14, 16, 17 The indoor sites in China are anticipated to have higher TSP and higher total SVOC concentrations than the Toronto sites, resulting in faster film growth. That said, it should be noted that the film growth process is somewhat buffered against the influence of increases in TSP and total airborne concentration of SVOC groups, C ti . All else being equal, as TSP increases, the fraction of SVOCs in the gas phase decreases. A smaller fraction in the gas phase reduces the influence of increased SVOC concentration within a given log K oa
cluster. This feature may partially explain why the growth rates cited above are as similar as they are, despite being measured at different locations.
| WHAT ABOUT PARTICLES?
At what rates do particles contribute to the growth of organic films on indoor surfaces? The flux of particles to indoor surfaces, equivalent to the rate at which particle mass accumulates on indoor surfaces per unit surface area, can be expressed as follows:
where C p is the indoor particle concentration (μg/m Table 2 , absorption of gas-phase organics to indoor impermeable surfaces, regardless of
T A B L E 3 Accumulation of mass and organic matter on vertical and topside horizontal surfaces as a consequence of particle deposition (see Data S1 for references and assumptions) . Hence, on vertical surfaces, the accumulation of organic matter via particle deposition is expected to occur at rates one to four orders of magnitude slower than those resulting from the absorption of gas-phase SVOCs. During cold weather, thermophoresis might be the dominant fine-mode particle transport mechanism for delivery to window surfaces, but even then the esti- Hence, these estimates indicate that, under typical indoor conditions and for the first several hundred days, the growth of organic films on vertically oriented indoor surfaces should be dominated by absorption of gas-phase SVOCs. However, for topside horizontal surfaces, absorption of SVOCs and deposition of coarse-mode particles both contribute significantly to organic film growth. As the time of exposure extends beyond a year, we anticipate that partitioning from the gas phase would contribute progressively less and deposition of particles would therefore contribute proportionally more to the growth of organic films on indoor surfaces. Whether partitioning from the gas phase continues to dominate at these timescales depends on the gas-phase concentration of SVOCs with log K oa >12, as well as on the airborne concentration of fine-and coarse-mode particles and the fraction of organic matter in these particles. Reactions in the gas phase between oxidants (eg, O 3 , NO 3˙, OH˙, Criegee intermediates) and indoor organic compounds generate products with a range of volatilities. The less volatile of these products contributes to the formation and growth of secondary organic aerosol.
| ADDITIONAL CONSIDERATIONS AND FUTURE OUTLOOK
We anticipate that many of these same products will contribute to the growth of indoor surface films. Oxidation reactions are also anticipated to occur at the air-surface interface and within surface films.
The present model formulation does not include such reactions. It also ignores other chemical transformations that are likely to occur in surface films. These include hydrolysis reactions and acid-base reactions, as well as dimerization-oligomerization reactions analogous to those reported to occur in secondary organic aerosol. 48 Many of the oxidation and hydrolysis products are expected to redistribute between the film and the gas phase. Dimerization and oligomerization products have very low vapor pressures, which effectively lock these products into the surface film-they become chemical compounds that do not participate in redistribution via partitioning. Oxidation and dimerization-oligomerization may also change the phase state of organic surface films, altering their viscosity. This process would, in turn, influence diffusion within organic films. To provide some perspective, note that diffusion coefficients are up to a factor of 10 7 smaller in highly viscous organic matter as compared to in organic liquids. 
